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Abstract 


Background: Severe acute respiratory syndrome (SARS) is caused by infection with SARS-associated coronavirus (CoV). Amino acid 
residues 450-650 of the spike (S) glycoprotein of SARS-CoV (S450-650) contains dominant epitopes for anti-viral antibodies (Abs) in patient 
sera. 

Objectives: To develop and evaluate an ELISA system for detection of anti-S Abs in patient sera. 

Study design: Express recombinant $450-650 in E. Coli and evaluate the sensitivity and specificity of an ELISA system based on the S450-650 
polypeptide. 

Results: The S450-650-based ELISA detected IgG Abs in 41 out of 51 serum samples from 22 hospitalized patients with probable SARS, 
a result closely correlated with that obtained with a virus-based ELISA (r=0.75, k=0.8). Differential anti-S IgG responses were observed 
amongst SARS patients. Some of them produced anti-S Abs early during their infection, while others failed to make IgG Abs against the 


S450-650 polypeptide. None of the serum samples from 100 healthy blood donors was positive in the S450-650-based assay. 
Conclusion: The S450-650-based ELISA can detect anti-S IgG Abs with high sensitivity and specificity. 


© 2004 Published by Elsevier B.V. 
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1. Introduction 


Severe acute respiratory syndrome (SARS) is caused by 
SARS-associated coronavirus (SARS-CoV), an enveloped, 
positive-stranded RNA virus of the Coronaviridae family 
(Rota et al., 2003; Peiris et al., 2003). The genome of SARS- 
CoV encodes several structural proteins including the spike 
(S) glycoprotein, nucleocapsid protein, membrane protein 
and envelope protein (Marra et al., 2003). Membrane fusion 
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between SARS-CoV and the host cell is mediated by its S gly- 
coprotein (Li et al., 2003; Xiao et al., 2003; Dimitrov, 2003; 
Wong et al., 2004; Wang et al., 2004; Sui et al., 2004), which 
consists of 1255 amino acid residues with approximately 25% 
homology to that of the other human CoVs (Spiga et al., 2003; 
Ho et al., 2004). The S1 subunit (amino acids 1-680) of the 
S glycoprotein contains a receptor-binding domain and is ap- 
parently the main target for neutralizing Abs in patient sera 
(Xiao et al., 2003; Sui et al., 2004; Wong et al., 2004; Wang 
et al., 2004; Babcock et al., 2004). Western blot (WB) and 
indirect immunofluorescence assays have been developed for 
detection of Abs against the S protein (Tan et al., 2004; Chang 
et al., 2004; Wu et al., 2004; Woo et al., 2004; Ho et al., 2004; 
He et al., 2004). However, so far there is no enzyme-linked 
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immunosorbent assay (ELISA) available for easier and more 
sensitive detection of anti-S Abs. Our computer-assisted anal- 
ysis suggested that amino acid residues 450-650 of the S 
glycoprotein (S450-650) of SARS-CoV is largely solvent 
accessible and likely to contain dominant B cell epitopes. 
This coincided with recently published results by Lu et al. 
(2004) showing that residues 441-700 of the S protein of 
SARS-CoV contained dominant epitope(s) for anti-S Abs in 
patient sera, as determined in WB assays. Sequences outside 
the 441-700 region were relatively poorly recognized by pa- 
tient sera (Lu et al., 2004). It is also supported by findings 
of Zhou et al. (2004) that residues 485-625 of the S protein 
of SARS-CoV elicited neutralizing Abs against the virus. In 
this study, the $450-650 fragment was expressed in E. Coli 
and used as Ag in an ELISA system for detection of anti-S 
Abs. 


2. Materials and methods 
2.1. Molecular biology reagents 


Restriction enzymes and T4 ligase were from Invitro- 
gen (USA). A kit for DNA extraction and purification was 
from Qiagen (Hilden, Germany). EF. coli strains of BL21 
(OE3) and DH5a were obtained from Novagen (Germany) 
and Invitrogen (USA), respectively. Complementary DNA 
encoding full length S of SARS-CoV was a gift from China 
CDC. 


2.2. Subjects and blood samples 


From March 24, 2003, a major outbreak of SARS had 
taken place in Beijing, China. We collected sequential blood 
samples (297 samples in total) from 122 patients (both sexes, 
18-51 years of age, average 35.5 years), admitted to the First 
Affiliated Hospital of Peking University, Beijing, China be- 
tween 15th April and 5th June, 2003. All patients fulfilled the 
WHO definition of probable SARS (fever 38 °C or higher, 
cough, new pulmonary infiltrates on chest radiography in the 
absence of an alternative diagnosis to explain the clinical pre- 
sentation). The blood samples were processed within 18 h of 
collection. All patient sera were tested for anti-SARS-CoV 
IgG Abs using an ELISA kit produced by Huada Institute 
(see below). A total of 45 serum samples from 18 patients, 
randomly selected from the above patient group, were tested 
using our S450-650-based ELISA kit. In addition, sera from 
100 healthy blood donors (both sexes, 22—45 years of age, col- 
lected between May and July 2002) were provided by Beijing 
Red Cross Blood Center. 

A small outbreak of SARS took place in April 2004 in- 
volving nine patients in Anhui and Beijing, China. Sequential 
serum samples from four of the confirmed patients (second or 
third generation cases), admitted to Ditan Hospital between 
15th April and 10th June 2004, were also included in this 
study. 


2.3. Construction of expression plasmids 


DNA coding for $450-650 of SARS CoV S protein was 
PCR amplified using high fidelity Taq DNA polymerase 
(TaKaRa Biotech Co. Ltd., Japan). The sequences of the 
primers employed in the PCR reaction were $450-650 5: 
CGC GGA TCC ATG CCC TTT GAG AGA GAC ATA TCT 
(forward primer, carrying a BamHI restriction site) and $450- 
650 3: CCC GAA TTC TTA AAT GTC GCA CTC ATA 
AGA AGT G (reverse primer, carrying an EcoRI site). The 
PCR product was gel-purified and cloned into expression vec- 
tor PET-28a (Novagen, Germany). The resultant construct, 
PET28a-S450/650, encodes for the S450-650 fragment with 
a histidine (His) tag (6 His) at the N terminus. DNA sequence 
of the insert was determined and compared with the S gene 
sequence of SARS-CoV strain Urbani (accession number 
AY278741) using DNASTAR software. 


2.4, Expression and purification of recombinant proteins 


PET28a-S450/650 was transformed into E. Coli BL21 
cells for expansion. A bacterial colony harboring the plas- 
mid was inoculated into 2YT medium containing kanamycin 
(25 wg/ml) and cultured, with continuous shaking, at 37°C 
to appropriate density. Isopropyl-B-p-thiogalactopyranoside 
(IPTG) was then added to a final concentration of 0.1 mM to 
induce the expression of the recombinant protein (for further 
3.5h). After centrifugation at 4000 x g for 15 min, the pellet 
was resuspended in PBS and subjected to sonication in an ice 
bath for 30 min. The inclusion bodies were solubilized with 
8 Murea, after centrifugation at 12000 x g at 4°C for 30 min, 
the supernatant was applied to an equilibrated Ni column 
(Novagen, Germany). After on-column refolding procedure, 
proteins bound to the column were eluted with 800 mM imi- 
dazole in Tris—buffered saline (pH 7.9). The eluted fractions 
were examined by SDS-PAGE and the proteins were either 
stained with Coomassie blue or transferred to nitro-cellulose 
membrane for WB assays. 


2.5. Western blot assays 


The nitro-cellulose membranes, on which protein bands 
had been transferred, were blocked at room temperature 
for 2h with block solution (5% non-fat dry milk) and then 
incubated for 2h at room temperature with serum sam- 
ple. After washing in Tris—buffered saline (TBS, pH 8.0) 
containing 0.05% Tween 20, the membranes were incu- 
bated with HRP-labeled goat anti-human IgG Ab (Zhongshan 
Biotech Co., China). 3,3’-diaminobenzidine tetrahydrochlo- 
ride (DAB, Sigma) was used to visualize the reaction. 


2.6. ELISAs 
ELISA plates (Nunc, Demark) were coated at 4°C 


overnight with recombinant protein (2.5 pmol/well) in car- 
bonate buffer (pH 9.6). Immediately before use, the coated 
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plates were incubated with blocking solution (2% BSA in 
PBS) for 2h at 37 °C and then washed 4 times with PBS con- 
taining 0.05% Tween 20 (PBS-T). Serum samples (1/100 di- 
luted, 100 wl/well) were added in triplicate and incubated for 
90 min at 37 °C. After washes with PBS-T, horseradish perox- 
idase (HRP)-labeled goat anti-human IgG Ab was added and 
incubated for 1h at 37°C. ortho-Phenylenediamine (OPD) 
substrate was used (100 pl/well) as substrate with 2 M H2SO4 
solution as stop buffer. The optical density (OD) was imme- 
diately read at 492 nm. 

For ELISAs using the kit produced by Huada Institute 
(Beijing, China), the manufacturers’ instruction was fol- 
lowed. Briefly, dilution buffer (100 wl/well) was added to 
pre-coated wells followed by 10 wl serum and incubated for 
30min at 37°C. After washes, HRP-labeled detection Ab 
(1/2000 diluted) was dispensed (100 pl/well) and incubated 
for 20min at 37°C before further washes. Substrate buffer 
containing ABTS [2,2’-Azino-di-(3-ethylbenzo-thiazoline 
sulfonate)] was then added and allowed to develop for 10 min. 
After stop buffer was added and the plates were read at 
450 nm. 


2.7. Statistical analysis 


All experiments describe here have been repeated at least 
three times. Results obtained using S450-650 recombinant 
protein-based ELISA and SARS-CoV-specific kit were com- 
pared using the CORREL module of Microsoft Excel soft- 
ware. The Cohen kappa test was performed to analyze the 
agreement between the results of the two ELISA kits using 
SPSS software. 


3. Results 


3.1, Expression and purification of the S450-650 
fragment of S protein 


Complementary DNA encoding $450-650 of SARS-CoV 
was cloned into expression vector PET-28a for expression 
in E. Coli BL21. The His-tag-containing recombinant pro- 
tein was purified to more than 95% homogeneity using a Ni 
column. SDS-PAGE analysis of the affinity purified prod- 
uct revealed protein band of expected molecular weight 
(Fig. 1). In WB assays, convalescent serum from a SARS 
patient (PT-LX) and anti-His-tag mAb specifically recog- 
nized the recombinant $450-650 (Fig. 1). In the subse- 
quent study, recombinant S450-650 was employed as coat- 


Table 1 
Anti-SARS-CoV IgG Abs in sera of patients with probable SARS* 


MA B CC OD 


118 kD 
86 kD 


47 kD 


34 kD 


26 kD 


19 kD 


Fig. 1. SDS-PAGE and WB analysis of the recombinant $450-650 fragment. 
Affinity purified recombinant $450-650 was run in 2 identical SDS PAGE 
12% gels with molecular weight markers in Lane M. One of the gels was 
stained with Coomassie blue (Lanes M and A). Protein bands in the other gel 
were transferred onto cellulose nitrite membranes for WB with convalescent 
serum from patient PT-LX (Lane B), or anti-His-tag mAb (Lane C), or serum 
from a healthy subject (Lane D), as the first Ab. 


ing Ag for an ELISA kit with HRP-labeled goat-anti-human 
IgG Abs as secondary Ab. Checker-board titration exper- 
iments were carried out to optimize the concentration of 
the coating Ag (S450-650) and secondary Ab (data not 
shown). 


3.2. SARS-CoV-specific IgG Abs in patient sera 


A SARS-CoV-specific ELISA kit, developed by Huada 
Institute, Beijing, China, has been licensed by the Ministry for 
Public Health of China. It employs the lysate of SARS-CoV- 
infected Vero-E6 cells as coating Ags and has been widely 
used in China for SARS-CoV-specific Ab testing with reliable 
results. By using the Huada kit, we analyzed sequential serum 
samples (total 297 sera) from 122 hospitalized patients with 
probable SARS and the results are summarized in Table 1. 
Half of the patients seroconverted for IgG Abs against SARS- 
CoV by Day 14 after the onset of illness. Nearly 90% of them 
produced virus-specific serum Abs by Days 29-50. 


3.3. Specificity and sensitivity of the S450-650-based 
ELISA 


Sera from three convalescent SARS patients and two 
healthy individuals were serial diluted and tested in the 


Days after onset of illness 


2-7 days 8-14 days 15-21 days 22-28 days 29-50 days 
Number of samples tested 22 44 68 79 87 
Percent Positive 14 50 70 84 89 


* Tested using the Huada ELISA kit. Cutoff value: OD450=0.18. 
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$450-650-based ELISAs, which detected anti-S IgG Abs 
in a specific and sensitive manner, with the reactivity end 
point from 1:400 to 1:800 diluted patient sera (Fig. 2). Serum 
samples from 100 healthy blood donors were subsequently 
screened and none of them was positive (Fig. 3A), suggesting 
a high specificity for the S450-650-based system. 

When sequential serum samples (45 total, 1/100 diluted) 
from 18 patients (randomly selected from the above- 
mentioned 122 patient set) with probable SARS were an- 
alyzed using the $450-650-baesd assays, 33 were positive 
(Fig. 3B). The Huada kit detected anti-viral IgG Abs in 32 
out of the 45 samples (Fig. 3C), 29 of which were positive 
in both assays. When the S450-650-based and virus-based 
ELISA results were plotted against each other, a linear corre- 
lation (first degree regression, r= 0.75) was observed (Fig. 4), 


2.5 


1:100 1:200 1:400 1:800 


Serum Dilution 


Fig. 2. Sensitivity of the S$450-650-based ELISA. ELISA plates were coated 
with recombinant S450-650. Serum samples from 3 convalescent SARS 
patients (A, ©, A) and 2 healthy individuals (lM, C) were serial diluted and 
dispensed, in triplicates, into the wells. HRP-labeled goat anti-human IgG 
was used as secondary Ab with OPD as substrate. The results are expressed 
as absorbance reading at 492 nm wavelength. 
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Fig. 3. Comparison of $450-650-based and virus-based ELISA results. The S450-650-based ELISA kit was used to screen serum samples from (A) 100 healthy 
blood donors and (B) 18 patients (PTO1 to PT 18, collected between 10 and 42 days from the onset of illness) with probable SARS. The serum samples were 100 
folds diluted, results are expressed as absorbance reading at 492 nm wavelength. Cutoff value was 0.46. ELISA results obtained with the Huada kit are shown 
in (C) for comparison. In this case, serum samples were 10 folds diluted, results are expressed as absorbance reading at wavelength of 450 nm. Cutoff value 
was 0.139. Each bar represents one serum sample, samples from each patient were group together in the order of collection time (days) after onset of illness. 
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Fig. 4. Correlation between S450-650-based and SARS-CoV-based ELISA 
results. The ELISA results shown in Fig. 3B and 3C were plotted against each 
other. First-degree regression (r=0.75) shows a linear correlation between 
the results of the two ELISA tests. 


the Cohen kappa test also confirmed an agreement between 
them (x = 0.8). 


3.4. Profiles of IgG responses against the S protein in 
patients 


Time courses of IgG responses against the S protein and 
the whole virus in 7 out of the 18 patients are compared 
in Fig. 5A and B. Sera from patients PTO1, PTO2 and PT08 
contained high titer anti-S but low titer anti-virus IgG Abs. In 
contrast, patient PT03 was a high responder against the whole 
virus but low responder against $450-650. Patient PTO3 se- 
roconverted 36 days after the onset of symptoms, suggesting 
a possible case of SARS-CoV infection being acquired in the 


A: 3450-650 based 


OD 492 pm 


OD 492 pm 


wn 


10 15 20 25 


hospital ward. Patient PTOS remained negative in both tests 2 
months after the onset of illness and was eventually excluded 
as a SARS patient. 

Both the $450-650-based and the virus-based ELISA kits 
were employed to screen sera from an additional 4 SARS 
patients infected in April 2004. Three of them were high 
responders against the S protein, while the other one (PT19) 
responded poorly to S450-650 but strongly to the whole virus 
(Fig. 5C and D). In patient PT22, anti-S serum Abs appeared 
earlier than that specific for other viral proteins. 


4. Discussion 


Specific and sensitive detection methods for anti-viral Abs 
in patient sera are of great value in diagnosis as well as re- 
search. Virus-based assays have the advantage of being able to 
detect Abs specific for all structural components of the virus. 
On the other hand, recombinant protein-based tests would al- 
low analysis of anti-viral humoral immunity in much detail. 

The S protein of SARS-CoV is heavily glycosylated and 
contains many disulfide bonds (Spiga et al., 2003; Krokhin et 
al., 2003; Tripet et al., 2004; Ying et al., 2004). It is difficult, 
however, to obtain S glycoprotein expressed in eukaryotic 
systems, which would otherwise be ideal for detection of anti- 
S Abs in vitro. Full-length S protein expressed in prokaryotic 
systems is often insoluble and therefore unsuitable as coating 
Ag in ELISA systems. Our on-column refolding procedure 
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Fig. 5. Time course of Ab responses against $450-650 and SARS-CoV in patients. Sequential serum samples from seven patients were tested using the (A 
and C) S450-650-based and (B and D) Huada ELISA kits. Serum samples were diluted 100 folds in (A) and (C), 10 folds in (B) and (D), and the results are 
expressed as absorbance reading at 492 or 450 nm, respectively. Cutoff values were (A and C) 0.46 or (B and D) 0.18. 
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allowed correct formation of some of the disulfide bonds in 
the S450-650 fragment, producing soluble recombinant pro- 
tein at a reasonably high concentration (data not shown). Re- 
sults reported herein indicate that the S450-650-based ELISA 
can detect anti-S Abs in patient sera with high sensitivity and 
specificity. 

It has been suggested that the N-glycans of the S gly- 
coprotein could have a significant effect on its antigenic- 
ity, as the presence of N-glycans contributes to the correct 
folding and biological function of glycoproteins. However, 
recently published results indicate that bacterial expressed 
fragment of the S protein (non-glycosylated) could maintain 
its antigenicity (Zhou et al., 2004; Lu et al., 2004). In addi- 
tion, neutralizing Abs were successfully raised in mice after 
immunization using prokaryotically expressed S485-625 of 
SARS-CoV (Zhou et al., 2004). 

In this study we wound that most SARS patients developed 
strong IgG responses against the S glycoprotein of SARS- 
CoV. Some of them had anti-S Abs in significantly higher 
titer than that against other structural proteins of the virus 
(e.g. PTO1 and PTO8). In this situation, our S protein-based 
ELISA would be more sensitive than the virus-based assays 
in detecting antiviral Abs. There were also cases where the 
S450-650 was poorly recognized by Abs in patient sera (e.g. 
PT22 in Fig. 4C and D). It should be emphasized, however, 
that the $450-650 polypeptide covers less than 1/5 of the S 
protein sequence. A negative result such as this does not rule 
out possible presence of anti-S Abs against epitopes outside 
the 450-650 region of the S protein. Moreover, Xu et al. 
(2004) have reported relatively high frequency of variations 
in S gene of SARS-CoV. Natural variability in the S protein 
might also affect the validity of the S450-650-based ELISA, 
although antigenic variation in $450-650 has not yet been 
fully characterized. 
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